Abstract Traditional management of montado (dehesa) is an example of integration of sustainable landuse and biodiversity conservation. The whole system sustainability is currently threatened by the intensification of soil tilling to control shrub invasion and promote pastureland, the absence of tree natural regeneration being one of the most outstanding threats. A study to assess effects of management on tree regeneration at early stages was developed in a cork oak montado grazed by cattle, in southern Portugal. We specifically compared the effects of harrowing every 3-4 years with those of shrub clearing with a shredder every 5-7 years. We hypothesized that extending shrub maintenance may facilitate cork oak regeneration at early stages in grazed montado. Fenced cork oak paddocks under the same management system for at least the last 40 years were surveyed for cork oak seedling, juvenile and sapling density; shrub cover percentage was also estimated. Recruitment bottleneck was observed after the seedling stage under harrowing, while in shredded areas all stages were well represented and often associated with shrub patches. Overall, the highest cork oak recruitment occurred at intermediate shrub cover (40-60 %). By maintaining shrub patches and their protective effect against direct radiation and grazing impact, while preventing shrub encroachment, shredding every 7 years seems to create an important temporal window for effective oak regeneration. This management practice might thus be suitable to favour successful tree regeneration in grazed cork oak montado, assuring the persistence of this system.
Introduction
Mediterranean cork oak (Quercus suber L.) savanna (called montado in Portugal and dehesa in Spain) is found only in southwestern Europe and northwestern Africa. Cork oak montado presents a tree density ranging 20-100 adult trees ha -1 (DGRF 2007) and is distinguished by a systematic combination of agricultural, pastoral, and forestry uses. The traditional land-use system aims to take advantage of every scarce and unevenly distributed natural resources with a minimum input of energy and materials (Olea and San Miguel-Ayanz 2006) . These multi-purpose agroforestry systems create a mosaic of open pastureland and oak/understory plant communities that support outstanding levels of species and habitat diversity, qualifying them as habitats of conservation value listed in the EU Habitats Directive. Additionally, the montado can be considered a High Nature Value Farming System, according to the European classification proposed by the European Environmental Agency (Pinto-Correia et al. 2011; Ribeiro et al. 2014) . Due to its diversification and efficiency, cork oak montado is an example of integration of traditional and sustainable land-use and biodiversity conservation (Blondel and Aronson 1999; Plieninger 2007) , playing an important role on the rural economy (Costa et al. 2008; Joffre et al. 1999; Olea and San Miguel-Ayanz 2006) .
After strong socio-economic changes in the 1960s and 1970s, many traditional land-uses have been lost or diminished and these ecosystems have undergone a dual process of intensification and land abandonment. The highly diversified and low intensity livestock grazing, relying on lamb and Iberian pig production, was substituted by intensive breeding of cattle (Joffre et al. 1999; Plieninger et al. 2003; Smit et al. 2008) . Decreased land-use diversity and increased stocking rates had important impacts on vegetation structure and dynamics, and several processes associated with regeneration were affected (Cierjacks and Hensen 2004; McEvoy et al. 2006; Moreno and Pulido 2009; Plieninger et al. 2004) . Nowadays, the lack of tree natural regeneration threatens the long-term sustainability of the montado system (Caldeira et al. 2014; Eichhorn et al. 2006; Moreno and Pulido 2009 ), making more difficult to withstand a likely increase in the severity of drought events or the increasing human pressure (David et al. 2007; Plieninger et al. 2004) . The lack of trees would also affect the potential of carbon sequestration of the system (Howlett et al. 2011; Simón et al. 2013) . Moreover, as grazing is associated with shrub clearing and rotational ploughing to control shrub invasion, to promote pasture production and prevent fire (Joffre et al. 1999; Plieninger et al. 2004; Pulido et al. 2001) , shrubs have also become largely absent (Smit et al. 2008 ).
In contrast with intensification, the rural exodus and land abandonment have led to the colonization of montado by native shrub species (Acácio et al. 2009; Joffre et al. 1999; Pinto-Correia 2000) . Because shrub patches are dominated by early successional plant species, like pioneer Cistus shrubs, the cessation of grazing may result in rapid shrub encroachment (Acácio et al. 2009; Eldridge et al. 2011) . Although shrub encroachment is usually associated with degradation, there are new evidences of the importance of shrubs in ecosystem processes (Eldridge et al. 2011; Pulido and Díaz 2005) and restoration of shrub patches can be used as a strategy to facilitate oak regeneration (Moreno and Obrador 2007; Pérez-Ramos et al. 2008) .
The lack of natural cork oak regeneration has been attributed to different recruitment mechanisms, including limitations in acorn dispersal and seedling germination and survival due to thermal and water stress (Acácio et al. 2007; Gómez-Aparicio et al. 2008; Pulido and Díaz 2005) . The excess of radiation, extreme temperatures and soil desiccation during summer, along with browsing by cattle and wild fauna, are considered among the main causes of tree seedling mortality in dry Mediterranean environments (Padilla et al. 2011) . By offering protection against browsing and direct radiation, reducing water stress, shrubs could facilitate seedling survival (Gómez-Aparicio et al. 2008; Plieninger et al. 2004; Pulido and Díaz 2005; Smit et al. 2008) .
Although numerous studies have been devoted to the impact of grazing on the Mediterranean oak montado (Bugalho et al. 2011; Cierjacks and Hensen 2004; Plieninger 2007; Carmona et al. 2013) , information regarding tested management practices for ensuring tree regeneration is still scarce (Acácio et al. 2007; Moreno and Pulido 2009; Smit et al. 2008; Caldeira et al. 2014) . In this context, a study was developed to provide knowledge on oak tree natural regeneration in response to management practices. We aimed to assess the effects of different shrub clearing practices on cork oak tree recruitment at early stages. The study was carried out in a cork oak montado estate (ca. 70-80 trees ha -1 ) with the purpose of cattle production, where tree regeneration in paddocks harrowed every 3-4 years and paddocks subjected to shrub clearing with a shredder every 5-7 years was compared. We hypothesized that extending shrub maintenance may facilitate cork oak regeneration at early stages in grazed montado.
Materials and methods

Study area
The study area-Torre da Giesteira-is a montado in a private estate (240 ha) located in the neighbourhood of Escoural (É vora), southern Portugal, at 300-320 m above sea level. The climate of the area is of Mediterranean type with mild winters and a severe summer drought. The mean annual rainfall ranges 650-700 mm; the mean annual temperature is 15.7°C and the mean temperature for the warmest (August) and the coldest (January) months are 23.2 and 9.4°C, respectively (SNIRH database, available through free download at http://snirh.inag.pt). In terms of the bioclimate typology it is located in the meso-Mediterranean, dry subhumid belt of the Mediterranean pluviseasonal oceanic bioclimate (Rivas-Martínez et al. 2004) , and biogeographically stands as the Lusitan-Extremadurean Province (Marianic-Monchiquensean Sector) of the Mediterranean region (Rivas-Martínez et al. 2002) . The landscape is gently undulated to undulated (slope inclination mostly varying between 2 and 8 %) and the geologic formations correspond to gneisses (Carvalhosa et al. 1969) . Soils are mostly leptosols and epiletic regosols (WRB 2006) . They predominantly show a loam sandy to sandy loam texture with a content of coarse fragment reaching 30-40 %. They are moderately acidic, organic C content ranging from 12 to 24 g C kg -1 , with low P status (3-9 mg P kg . The vegetation matrix in the estate area is a semi-natural pasture dominated by grasses, mainly species of Lolium, Agrostis, Bromus, Poa, and Vulpia; legumes, like species of Trifolium, Medicago, and Ornithopus; and forbs such as Tolpis barbata, Leontodon taraxacoides, Hypochaeris radicata, Andryala integrifolia, Coleostephus myconis, and Galactites tomentosa. Within the vegetation matrix an heterogeneous horizontal pattern of areas of bare soil alternating with mixed shrub patches can be found. These small to medium sized shrub patches are characterized by the widespread presence of Cistus salviifolius and C. crispus (low shrubs, with closed canopies and clustered leaves), also including C. monspeliensis and C. ladanifer (medium height shrubs, with less closed canopies and less clustered leaves) and Ulex australis subsp. welwitschianus, Calicotome villosa, and Genista triacanthos (medium height, spiny legume shrubs). The study area is representative of montado system occurring in acidic rocks (gneisses and granites) in southern Portugal.
Sampling
In the montado area of the estate four fenced cork oak paddocks managed with rotational grazing by cattle (0.25 LSU ha -1 ), during winter and spring months, were identified. In each of the four paddocks the same management system was followed for at least the last 40 years. We admit that this length of time is much longer, but we chose not to specify it due to a lack of explicit information before 1974. Two of the paddocks had been harrowed every 3-4 years (HAR-1, 21 ha; HAR-2, 19 ha) and the other two had been subjected to shrub clearing by shredding every 5-7 years (SHR-1, 16 ha, SHR-2, 18 ha). Paddocks HAR-1, HAR-2, and SHR-2 were contiguous and 500 m far from SHR-1. Although the four paddocks shared the same pasture type and a common shrub composition, shrub height and cover differed between paddocks HAR and SHR. In the overall, shrubs were sparsely distributed and plant height ranged from 20 to 40 cm in HAR, while in SHR shrubs reached up to one meter and 100 % cover.
To evaluate the relationships between the two montado management systems and the cork oak regeneration patterns, four 20 m wide and 200 m long parallel belt transects, with north-south orientation and at least 100 m apart from each other (and from the paddock fence), were established in each paddock. One out of the four belt transects was randomly chosen in each paddock for sampling purposes.
In autumn 2012, the stem diameter, height and canopy projection area of the first 30 mature trees (DBH C 10 cm) in each chosen belt transect were measured to determine the stand density and size class structure. The area under the projection of each of the 30 tree canopies (UC) and that of a 3 9 3 m 2 quadrat located at a distance corresponding to 1.5 times the canopy radius (alternating between the north and south sides of trees), but out of the canopy (OC), were surveyed to assess cork oak recruitment and regeneration. All individuals (tree shoots at least 25 cm apart from neighbours) and aggregates (distance between shoots less than 25 cm) non-mature cork oaks were separately counted, their basal diameter (BD) and diameter at breast height (DBH) were measured, and afterwards categorised into the following size classes: seedlings: BD B 1 cm; juveniles: 1 \ BD \ 5 cm; saplings: DBH B 5 cm; young trees: 5 \ DBH \ 10 cm.
Shrub cover percentage by species was estimated in the same aforementioned sampling areas, both under tree canopy and in the open.
Data analysis
Tree density of each paddock was estimated from density determined in the sampled transect. Differences in shrub cover and recruitment among paddocks were determined with one-way ANOVA, after checking for normality and homogeneity of variances. If significant differences occurred, Scheffé tests for multiple comparisons were used to identify significantly different paddocks. Analyses were performed using IBM SPSS Statistics 20 Ink. The generalized additive model (GAM) was used to examine the relationships between cork oak recruitment (all life stages pooled) and percentage shrub cover. GAMs are a non-parametric extension of generalized linear models (GLM), which allow working with abundances that do not follow a normal distribution and use smoothing terms that permit flexible modelling, closer to the data. Because the response variable (recruitment) is a count, GAM was fitted for a Poisson distribution with the log link function. The analysis of the GAM was performed using the mgcv library in the R statistical software (R Development Core Team 2009, http://www.rproject. org).
Results
Montado structure
Density of mature cork oak trees was 81-85 trees ha -1 in shredded areas (SHR) and 67-76 trees ha -1 in harrowed areas (HAR). Paddocks HAR-1, HAR-2, and SHR-1 showed an even-aged cork oak distribution, while SHR-2 presented a more uneven-aged tree distribution (Fig. 1) .
Cork oak regeneration
A considerable variation in seedling, juvenile, and sapling density was observed between paddocks. Even so, seedling density was higher in harrowed (HAR) than in shredded (SHR) areas, but a strong recruitment bottleneck was observed for juveniles in HAR (Fig. 2) . In contrast to HAR, shredded areas (SHR) showed an uneven-aged distribution with larger numbers of juveniles and saplings.
There were differences in the abundance of different life stages between UC and OC (Fig. 3) . Seedling density was higher underneath mature tree crowns (Fig. 3A) and, in contrast, a trend to higher density of juveniles and saplings was observed in the open (Fig. 3B, C) , for both individuals and aggregates.
Shrub cover and regeneration
Percentage shrub cover (mostly associated with Cistus, but also with Leguminosae and Labiatae) was higher in SHR than in HAR areas, both under and out of mature tree canopies (Fig. 4) .
Although the four paddocks shared a common shrub composition, including the widespread presence of C. salviifolius and Ulex australis subsp. welwitschianus, regeneration taken as a whole was related to percentage shrub cover. The lowest recruit densities were observed at 0-20 and 21-40 % shrub cover (172 ± 28 and 165 ± 34 recruits per 100 m 2 , respectively) and also at 61-80 and 81-100 % shrub cover (178 ± 27 and 116 ± 9 recruits per 100 m 2 ). In contrast, the highest recruitment (298 ± 66 recruits per 100 m Fig. 1 Densities of Quercus suber mature trees by stem diameter at breast height (DBH), in the study paddocks (HAR-1 and HAR-2-areas under harrowing every 3 years; SHR-1 and SHR-2-areas under shrub shredding every 7 years) and percentage shrub cover (Fig. 5) . Our model explains a high deviance percentage (85 %), the residuals are well distributed above and below the curve and the standard error bands are mostly narrow (Intercept = 5.157; P \ 0.001; Std. error = 0.005; UBRE score = 5.2411; R 2 adj = 0.856).
Discussion
Our results support the hypothesis that the type and periodicity of shrub control has significant effect on cork oak recruitment in grazed montado, suggesting that management practices are of utmost importance to assure long-term success of cork oak regeneration.
The distribution pattern of trees in our study harrowing areas is in accordance with that reported in grazed dehesas in Spain (Plieninger et al. 2003) . Mature cork oak trees had an even-aged distribution tending towards larger diameters, with prominent gaps that correspond to recruitment failures. In contrast, the uneven-aged distribution in shredding, mostly in the SHR-2 paddock, shows establishment and growth of progressive cohorts, which typifies most of the natural Mediterranean oak forests (Moreno and Pulido 2009 ).
Land-use history, such as long-term intensification or land abandonment, is a major driver of natural tree regeneration (Carmona et al. 2013; Plieninger et al. 2003 Plieninger et al. , 2004 Pons and Pausas 2006) . Intensive practices, like frequent harrowing and exposure to heavy stocking rates, might induce negative effects on seedling emergence and establishment, the most critical stages in the regeneration cycle of oak trees in the Mediterranean Region (Cierjacks and Hensen 2004; Pulido and Díaz 2005) . In our study area, regeneration does not seem to be limited by seedling emergence, because we observed high seedling densities in all paddocks. We can rather suggest that the key process limiting tree recruitment was seedling establishment, since we observed more seedlings than juveniles and saplings. Furthermore, the significantly more severe recruitment limitations in harrowing might be associated with the shrub cover, which is insufficient to prevent both direct seedling browsing by cattle and high incident radiation levels (Pulido and Díaz 2005) . High irradiation can amplify the negative effects of summer drought and thus the mortality risk due to poor plant water status, photoinhibition, and overheating (Gómez-Aparicio et al. 2008), particularly for shade tolerant species, as is the case of young cork oaks (Cardillo and Bernal 2006) . Besides the eventual lack of dispersant agents, the higher seedling density observed underneath mature tree crowns is probably in association with acorn concentration and better environmental conditions for seedling germination (Acácio et al. 2009; Pulido and Díaz 2005; Smit et al. 2008) . Sites underneath tree crowns offer shade, enhance water storage capacity, and represent 'islands of fertility' with increased nutrient and organic matter levels, therefore favouring the seedling life stage (Caldeira et al. 2014; Plieninger et al. 2004; Smit et al. 2008) . Seedling recruitment into the following life stages might be limited not only by competition for resources, but particularly by repeated browsing and trampling, because under canopy areas are preferred sites for livestock resting during hot hours (Espelta et al. 1995; Pausas et al. 2009 ). Thus, juveniles and saplings grew significantly more in the open. Differences in regeneration patterns between study paddocks (HAR and SHR) are in accordance with the regeneration process described by Pons and Pausas (2006) for old fields. These authors reported an initial recruitment stage after land abandonment, followed by seedlings development into saplings when vegetation cover increases, and absence of new seedlings when vegetation cover reaches ca. 100 %. The large recruitment we found in all study paddocks after vegetation clearing, either by harrowing or shredding, corresponds to the initial abandonment stage. The following development of seedlings into saplings and juveniles, as shrub cover increased, was much more evident in shredding under medium shrub coverage (40-60 %) . This effect might be assigned to the closed, medium sized, and spiny canopies of mixed shrub patches in SHR paddocks, consisting mainly in Cistus salviifolius, Ulex australis subsp. welwitschianus, and Genista triacanthos, which potentially offer protection from direct sunlight and livestock browsing. In accordance with other studies (Cardillo and Bernal 2006; MaltezMouro et al. 2009; Plieninger et al. 2010; Smit et al. 2008) , we may suggest that by moderating radiation to some degree of canopy closure, shrubs provided suitable light conditions, also reducing the drought impact on oak seedlings during summer. Additionally, by providing shelter from livestock browsing, shrubs act as safe microsites that may have a facilitation effect on oak regeneration, particularly in limiting environmental conditions (Pérez-Devesa et al. 2008; Plieninger 2007; Plieninger et al. 2004; Pulido et al. 2010) . A functional grazing exclosure might thus be attributed to the naturally occurring mixed shrub patches in SHR, in accordance with results from other studies in oak stands (Plieninger 2007; Ramírez and Díaz 2008) . The development of a medium shrub cover seems thus to open an important temporal window for effective regeneration. In contrast, by preventing shrub cover increment, frequent harrowing seems to be a limiting factor for seedling development. Shrub layer in HAR paddocks was very sparse, consisting mainly of isolated and low sized patches of Cistus salviifolius, and a low shrub cover does not prevent the livestock negative impact (Pulido and Díaz 2005; Ramírez and Díaz 2008; Smit et al. 2008) . The regeneration decline observed in SHR paddocks, under the densest shrub cover (above 60 %), corresponds to the regeneration window closing with shrub cover increment towards encroachment, in the final abandonment stage. Unsuccessful oak regeneration under extremely dense shrub cover has been attributed to limited acorn arrival and to recruitment failure related to unfavourable light conditions under canopy closure Pérez-Devesa et al. 2008; Pons and Pausas 2006) . In addition, competition for water should be more intense in dense shrub cover (Pérez-Devesa et al. 2008 ). Although we may suggest that oak tree recruitment is closely associated with intermediate shrub coverage, further studies are needed towards understanding additional factors affecting cork oak regeneration.
Conclusions
From our results, it seems that cork oak recruitment in grazed montado is promoted by the protective effect of medium shrub cover, while both sparse coverage and shrub encroachment can negatively affect cork oak regeneration. Additionally, we may conclude that harrowing every 3 years hinders shrub growing and therefore seedling establishment. In contrast, shredding every 7 years allows shrub development while maintaining cover below the threshold for safe cork oak regeneration, extending thus the recruitment temporal window. This management practice might thus be suitable to favour successful tree regeneration in cork oak montado, assuring the persistence of this system. An effective conservation strategy for cork oak montado needs to address the opposite threats of abandonment versus further intensification by agrienvironmental or cross-compliance policy tools within the future CAP. This should, for example, require farmers to create periodical and rotational set-aside to create a landscape mosaic of intermediately disturbed patches and assure regeneration. Yet, additional monitoring is needed to predict the long-term effects of management practices on tree regeneration in wide range of montado systems. This is crucial to develop strategies regarding the protection of montado as a High Nature Value system.
